ABSTRACT: Complexes of Cu(lysine) 2+ and Cu(histidine) 2+ have been intercalated between the layers of saponite clays by a simple cation exchange procedure from aqueous solutions of preformed Cu(amino acid)2-complexes. Successful immobilization was obtained with an amino acid:Cu 2 § ratio of 5, and a pH of 10 and 7.3 for lysine and histidine, respectively. The synthesized materials were investigated as powders and as thin films by electron spin resonance (ESR), diffuse reflectance spectroscopy (DRS) and X-ray diffraction (XRD). The light blue clays are characterized by an axially symmetric ESR spectrum with A//= 192 G, g//= 2.23 and g• = 2.07, and a d-d absorption band around 600 nm, due to the intercalated planar Cu2*-complexes. Ammonia interacts reversibly with these intercalated complexes, suggesting the presence of a free coordination site. The novel synthesized materials are active in various oxidation reactions with t-butyl hydroperoxide as oxidant.
Studies of the immobilization of transition metal ion complexes on inorganic surfaces have fundamental and practical importance. At the fundamental level, researchers want to establish the sorption mechanism, the geometry of the adsorbed complex, the surface-complex interaction and the reactivity of the adsorbed complex. The main goal is to establish the differences between the sorbed complexes and their counterparts in solution and to make use of these differences. Immobilization of transition metal ion complexes also has practical importance in: (1) environmental science, as the complexes may J-z extremely selectively and strongly adsorbed, thus leading to efficient removal and immobilization of transition metal ions; and (2) heterogeneous catalysis, as immobilized homogeneous catalysts have a number of well known advantages, such as the ease of separation of catalyst from reaction mixture and the use of an extended temperature range.
In the case of immobilization on clay surfaces, the field of study blossomed in the seventies. The exchange of Ag(thiourea)~ + on clays is not only an extremely efficient method to remove Ag § from waste waters, but could also be turned into a versatile method to determine the cation exchange capacity (CEC) of clays and soils (Cremers & Pleysier, 1973; Chhabra et al., 1975) . The Cu(ethylenediamine)2 z § in particular, and aliphatic polyamine complexes of Cu 2 § and Ni 2 § in general have clay surface complexation constants which are three orders of magnitude greater than in solution (Maes et al., 1977 Maes & Cremers, 1978) . This observation was confirmed by spectroscopic measurements and lead to the rule 'planar surfaces prefer planar complexes ' (Velghe et al., 1977) . It was established that in the interlamellar space, any axially coordinated ligands are replaced by the surface, thus leading to an increase of in-plane ligand field strength, which is correlated with the extra stabilization and expressed by the complexation constant (Maes et al., 1980) . The Ni 2+ aliphatic amine complexes are even turned into their diamagnetic square planar form (Schoonheydt et al., 1979a (Schoonheydt et al., , 1979b .
In the case of amino acid (AA) complexes, the situation is more complex, because (1) coordination is possible through NH2 and carboxyl groups; (2) the positive charge of the complex, if any, may be located on the AA instead of on Cu2+; and (3) complexation is strongly pH-dependent (Wilson et al., 1970; Williams, 197l; Sigel & Cormick, 1971; Yamauchi et al., 1979; Fisher & Sigel, 1980) . Here, we study the direct exchange of Cu(lysine)~. § and Cu(histidine)~ + complexes onto saponite clays. The positive charge n of the exchanged complexes is determined from the stoichiometry of the ion exchange reaction, while the nature of the first coordination sphere of Cu 2+ is revealed by diffuse reflectance spectroscopy (DRS) and electron spin resonance (ESR). The reactivity of the immobilized complexes has been studied in liquid phase oxidation reactions in the presence of peroxides. The results are compared with those previously obtained using zeolites (Weckhuysen et al., 1995 (Weckhuysen et al., , 1996 
EXPERIMENTAL

Synthesis
Saponite with a CEC of 0.67 mEq g-l and a particle size of ~<2 I.tm was used for cation exchange with preformed Cu(AA)n complexes. Solutions of Cu(AA)n were prepared by mixing Cu(NO3)2.3H20 (Merck; AR) and AA (L-histidine and L-(+)-lysine, both from Janssen Chimica) at a AA:Cu 2+ molar ratio of 5 in distilled water ([Cu 2 § = 1 x 10 -3 M). Pre-determined aliquots of these solutions were taken and adjusted to 50 ml and to an ionic strength of 2 x 10 -3 M using correct amounts of a NaCI solution. The initial pH was ~6.0 and 9.7 for the Cu(histidine) and Cu(lysine) solutions, respectively. The pH of these exchange solutions was then adjusted to 7.3 for the Cu(histidine) series, and to 10 for the Cu(lysine) series with drops of NaOH. The ion exchange isotherms were established by mixing 30 ml of the Cu(AA)n solution with 5 ml of 1% saponite suspension at room temperature for 15 h on an end-over-end shaker. The solid phases were subsequently separated by centrifugation, washed three times with deionized water (pH = 6) and freeze-dried. The clay samples were light blue. The Cu 2+ and Na § contents of the initial solutions and the supernatants obtained after centrifugation were analysed by atomic absorption spectroscopy (AAS) in a N20-CzH2 flame at 324.7 nm and 589.6 nm, respectively. The light source was a hollow cathode lamp with a wavelength of 589.6 and 324.7 nm for Na § and Cu 2+, respectively. The histidine or lysine contents were determined indirectly via the Ncontent by the micro-Kjeldahl method after dissolving known quantities of the clay material in 0.05 M sulphuric acid with Se as a catalyst.
Characterization
The DRS spectra of powdered samples were taken on a Varian Cary 5 UV-Vis-NIR spectrophotometer at room temperature. The freeze-dried clay materials were loaded in a quartz flow cell with a Suprasil window and a capillary side-arm for DRS and ESR measurements, respectively. This cell enables measurement of the samples under controlled atmospheres. The spectra were recorded against a halon white reflectance standard in the range 2500-200 nm. The spectra in Kubelka-Munk (KM) function were acquired by computer processing as explained elsewhere (Weckhuysen et al., 1993) . The ESR spectra were recorded in X-band at a microwave power of 200 p.W on a Bruker ESP 300E spectrometer with a double rectangular TElo4 mode cavity. The freeze-dried samples were measured at 120 and 300 K after vacuum treatment at room temperature (evacuation time and pressure were 0.5 h and 10 -3 atm, respectively). Absolute spin concentrations were determined by comparison of ESR signal intensities with those of well ground Cu(acac)2/KC1 (acac = acetylacetonate) mixtures with known spin concentration. Gaseous NH 3 was allowed to adsorb at room temperature for 15 min on the samples in the combined DRS-ESR quartz flow cell, followed by desorption at 50~ After adsorption and desorption, ESR and DRS spectra were recorded as described above. Clay films (2 x 3 cm) were fixed onto the hollow part of an alumina frame. X-ray diffraction patterns were recorded on a Philips diffractometer with Cu-Ket radiation. The scan range was between 3 and 50~ Oriented clay films were prepared by re-suspension of the freeze-dried samples in HzO and spreading a few drops of the suspension (1 wt%) on a mylar film, followed by slowly evaporating the water at room temperature. Strips of 0.2 x 2.0 cm were cut and placed in the ESR tube. The ESR spectra were recorded at 150 K with the magnetic field either parallel or perpendicular to the clay films. Catalytic experiments were carried out in quartz reactors at atmospheric pressure and 60~ The reactants and products were separated on a CP-sil5 column (Chrompack) on a 5890 Hewlet Packard GC; 1-heptanol was used as external standard.
RESULTS
lon exchange of Cu(AA)~ n+ complexes
By using an increasing amount of preformed Cu(AA) m+ complex in bid• water together with a fixed amount of saponite clay, the amount of Na § released, and the amount of Cu 2 § taken up by the clay and the amount of Cu 2 § remaining in the exchange solution were measured. The initial amount of Cu 2+ ([Cu2+] [CuZ+] aas is always close to 2, suggesting that (1) the adsorption is an ion exchange process and (2) the positive charge on the complex is ~ 2. At the lowest exchange levels, however, the ratio is a bit larger. This is due to experimental errors because only small amounts of Na + are released. The analysis of the amount of adsorbed AA is much more erratic, but on average the ratio [AA]ads:[Cu2+]ads is ~2 for all ion exchange levels and for both lysine and histidine. Thus, Cu(lysine) 2+ and Cu(histidine)~ + are the complexes on the clay. Table 1 also shows that the uptake of Cu(lysine)2 z+ is much more selective than that of Cu(histidine) 2+. This means that under the same exchange conditions clay surfaces prefer Cu(lysine)22+ over Cu(histidine) 2+ complexes.
Spectroscopy of immobilized Cu(AA) 2+ complexes
The Cu(AA) 2+ samples are light blue and a typical DRS spectrum of freeze-dried Cu(lysine)~ +-saponite sample is shown in Fig. 1 . One broad d-d absorption, asymmetric towards larger wavelengths, is observed with an absorption maximum between 550 nm and 600 nm, the exact value depending on the loading. The corresponding X-band ESR spectra for intercalated Cu(lysine) 2+ and Cu(histidine) 2+ complexes are presented in Fig. 2 . The spectra are axially symmetric with g// = 2.23, A = 192 G and g• = 2.07. The spectroscopic parameters are summarized in Table 2 , together with those of some reference materials. Both the DRS and the ESR spectra are typical for planar coordination with both N and O in the first coordination sphere around Cu 2 § (Lever, 1984; Abragam & Bleaney, 1970; Pilbrow, 1990) . For saponite intercalated Cu(histidine) 2+ complexes, a second but weak signal is apparent, especially at low Cu loading. This signal looks like a pseudo-tetrahedral signal of Cu 2+ with g• > g// (Abragam & Bleaney, 1970; Pilbrow, 1990) . The ESR spectra of the oriented films (Fig. 3) have clearly separated g// and g• regions, without resolved hyperfine structure in the perpendicular region. This suggests that the clay particles are well oriented and that the Cu(AA)~ § complexes are located in the interlamellar space with their Cu(O,N) plane parallel to the surface.
Upon adsorption of ammonia, the d-d band maximum shifts to 655 nm, but shifts back to its original position of 600 nm after evacuation at 50~ (Fig. 1) . This red shift indicates a transition from a planar to a pseudo-octahedral complex upon adsorption of NH 3. The coordination of ammonia can also be deduced from the corresponding ESR spectra of Fig. 4 . Both for intercalated Cu(lysine)22+ and Cu(histidine)2 z+ saponite, the spectrum becomes more isotropic with g// = 2.25, A =170 G and g• = 2.07. Thus, combined DRS-ESR spectro- 
Catalytic characterization of immobilized Cu(AA)~ + complexes
The oxidation of alcohols and alkenes in the presence of [Cu(histidine)~+]-saponite (with a Cu z+-content of 0.t22 mEqg -1) with t-butyl hydroperoxide has been studied in detail at 60~ in batchtype reactors. The catalytic results of the [Cu(lysine)~+]-saponite system are inferior and will not be discussed further. The catalytic performances of the [Cu(histidine)2+]-saponite catalyst are summarized in Table 3 and compared with those of zeolite occluded Cu(histidine) complexes. Although the saponite-based catalyst is active in the oxidation of 1-pentanol, benzylalcohol and cyclohexene, the conversion is always lower than in the case of the zeolite occluded complexes (Weckhuysen et al., 1995) . Furthermore, the catalyst cannot be easily removed by centrifugation from the reaction mixture after reaction. This is due to some swelling of the clay material by the substrate and reaction products (Theng, 1974) .
DISCUSSION
The aim of this discussion is: (1) to compare the coordination chemistry of intercalated Cu(lysine) and Cu(histidine) complexes with their analogues in solution and in the pore system of the zeolites; and (2) to discuss the catalytic potential of the synthesized materials in oxidation catalysis. Under the conditions of the present ion exchange, reactions Cu(lysine) 2+ and Cu(histidine) 2+ exist in aqueous solutions as pseudo-octahedral complexes. The first coordination sphere of the complexes consists of four inplane donor atoms and two more distant axial donor atoms. The exact composition of the first coordination sphere depends on the solution pH, which determines the acid-base equilibria of the functional groups (NH2, imidazole and COOH) of the amino acids lysine and histidine (Williams, 1971) .
At a pH of 10, the two lysine molecules are coordinated around CU 2+ in a glycine-like way, giving rise to a stable in plane NNOO coordination. The net positive charge of the bis-complex is 2 because of the positive charge of the a-amino group and the axial donor ligands are water molecules. At pH 7.5, two histidine ligands are coordinated to Cu 2+, one in a glycine-like way, the other in a histamine-like way and a stable NNNO coordination is obtained (Sigel & Cormick, 1971) . The axial donor ligands in both complexes are water molecules.
The adsorption is clearly an ion exchange reaction of divalent complexes without appreciable adsorption of free amino acid ligands. Both the DRS spectra and the EPR spectra are characteristic for tetragonally distorted octahedral or even square planar complexes. The d-d transitions and EPR parameters of Cu(lysine)2 and Cu(histidine)2 immobilized on clays and zeolites are compared in Table 2 (Weckhuysen et al., 1995; 1996) . The d-d band maxima are systematically higher in energy, the g//values are lower and the A//values higher for clays than for zeolites. All this indicates that the complexes are more planar-like on the bidimensional surface of saponite than in the supercages of zeolite Y. This may be due to the removal of: (1) solvent (H20) in axial positions; or (2) axially coordinating atoms of the amino acid. The former is likely to occur for lysine, the latter for the histidine complexes. This difference between both complexes might explain why the effect is more pronounced for histidine complexes. Nothing can be said about the in-plane coordinating atoms, because of the lack of N-superhyperfine structure in the EPR spectra. We assume that in-plane coordination is as in solution, i.e. NNOO for lysine and NNNO for bistidine. A schematic representation of the clay complexes is shown in Fig. 6 . The intercalated complexes are accessible to ammonia, turning the planar Cu-complexes into a distorted octahedral coordination and confirming the presence of a free coordination site, which is a necessity for catalysis. The catalytic activity of the Cu(histidine)-saponite system is compared in Table 3 with the Cu(histidine)-zeolite Y system obtained under exactly the same catalytic condi- (2) the swelling of the clay material by the reaction products. The latter phenomena certainly complicates the regeneration of the developed catalyst and will limit its potential applications.
CONCLUSIONS
The main conclusions are: (1) Divalent biscomplexes of Cu(histidine) and Cu(lysine) can be intercalated in saponite clays by a simple ion exchange procedure of preformed Cu-complexes. The exchanged Cu(amino acid)2 z § complexes, present in the interlamellar spaces, have a planar NNOO/NNNO configuration. This finding confirms the rule that 'planar surfaces prefer planar complexes'. The intercalated complexes are accessible to ammonia, turning the Cu-complexes into a distorted octahedral coordination and suggesting the presence of a free coordination site available for catalysis. (2) The new synthesized materials are active in the oxidation of pentanol, benzylalcohol and cyclohexene at low temperature with peroxides as oxidants. Their activity, however, is much lower than for zeolite occluded complexes and this lower activity is due in part to accessibility and in part to swelling of the clays by the reaction products.
